Conventional antibiotics target the growth and the basal life processes of bacteria leading to growth arrest and cell death. The selective force that is inherently linked to this mode of action eventually selects out antibiotic-resistant variants. The most obvious alternative to antibiotic-mediated killing or growth inhibition would be to attenuate the bacteria with respect to pathogenicity. The realization that Pseudomonas aeruginosa, and a number of other pathogens, controls much of their virulence arsenal by means of extracellular signal molecules in a process denoted quorum sensing (QS) gave rise to a new 'drug target rush'. Recently, QS has been shown to be involved in the development of tolerance to various antimicrobial treatments and immune modulation. The regulation of virulence via QS confers a strategic advantage over host defences. Consequently, a drug capable of blocking QS is likely to increase the susceptibility of the infecting organism to host defences and its clearance from the host. The use of QS signal blockers to attenuate bacterial pathogenicity, rather than bacterial growth, is therefore highly attractive, particularly with respect to the emergence of multi-antibiotic resistant bacteria.
THE PARADIGMS OF QUORUM-SENSING REGULATION AND INFECTIOUS DISEASES
The majority of the published papers on quorum sensing (QS) express the view that the primary function of QS is to enable bacteria to make collective decisions with respect to the expression of a specific set of genes. The cells are not physically aware of the presence and the number of other bacteria (Manefield & Turner 2002) , but sense the concentration of the signal molecules, which in turn depends on the cell population density. The principles behind QS signal-mediated gene expression in both Gram-positive and Gram-negative bacteria are shared (Williams et al. 2007) , but the molecular mechanisms and signal molecules differ. Gram-negative signalling systems, based on N-acylhomoserine lactone (AHL) signal molecules, are the most intensively studied examples of QS, and so far more than 70 Gram-negative bacterial species have been reported to produce AHLs (Fuqua et al. 2001; Taga & Bassler 2003) . AHL production is considered indicative of the presence of functional QS regulatory circuits.
Most diseases in which QS regulation plays an important role originate from infections caused by opportunistic pathogens. These infections often become chronic as a consequence of the bacterium adopting the sessile, biofilm mode of growth. This is in contrast to acute infections in which the bacteria proliferate in a planktonic state. The dense biofilm, including the surrounding extracellular polysaccharide (EPS) matrix, provides ideal conditions for the accumulation of QS signal molecules, which triggers the onset of QS-regulated gene expression which in turn affects the responses of the host immune system (Nilsson et al. 2001) . In addition, the vasorelaxant properties of the Pseudomonas aeruginosa AHL, N-(3-oxododecanoyl)-Lhomoserine lactone (3-oxo-C12-HSL) also suggest that the blood supply to the infection site might be affected by the biofilm bacteria (Lawrence et al. 1999) . The sessile, biofilm mode of growth is recognized to be important in all implant-related infections, and with every foreign medical device inserted into a patient there is a potential risk that a bacterial biofilm will form over time on the artificial surface.
PSEUDOMONAS AERUGINOSA
The most intensively studied bacterium employing AHL-based QS is undoubtedly P. aeruginosa. This is the most common bacterium found in nosocomial and life-threatening infections of immune compromised patients (van Delden & Iglewski 1998) . It causes a variety of acute and chronic infections listed by van Delden & Iglewski (1998) : nosocomial pneumonia cases, hospital-acquired urinary tract infections, surgical wound infections, bloodstream infections, infection of neutropenic patients, ventilator-associated pneumonia in intubated patients, burn wound infections, etc. It is particularly known for its involvement in chronic infections of the respiratory pathways including diffuse panbronchiolitis, bronchiectasia and cystic fibrosis (CF ; Hoiby 1974; Koch & Hoiby 1993; Frederiksen et al. 1997; Kobayashi 2005) . Pseudomonas aeruginosa is a Gram-negative bacillus, belonging to the genus Pseudomonas (g-proteobacteria). A characteristic of the genus Pseudomonas is simple growth requirements and tolerance to a wide range of temperatures (4-428C), and it is one of the most diverse and ecologically significant groups of bacteria that are known. The complete genome of P. aeruginosa PA01 consists of 5770 open reading frames (ORFs; Stover et al. 2000) . This makes it one of the largest known bacterial genomes, around 50% larger than Escherichia coli K-12. With respect to genetic complexity, P. aeruginosa resembles simple eukaryotes such as Saccharomyces cerevisiae.
Pseudomonas aeruginosa can be isolated from most environments-soils, marshes, coastal marine habitats, plants and mammal tissues (Stover et al. 2000) . In hospital environments, it grows in moist reservoirs such as food, cut flowers, sinks, toilets, floor mops, dialysis equipment and even in disinfectant solutions (Murray et al. 2002) . Pseudomonas aeruginosa emerged as a human pathogen in the past century, probably by the development of available niches as a result of successful eradication of other pathogens by antibiotics and disinfectants.
Pseudomonas aeruginosa produces a wide range of virulence factors, which makes it highly pathogenic for susceptible patients. The arsenal of virulence factors produced by P. aeruginosa includes both cell-associated and extracellular products. Among these are lipopolysaccharide (Tang et al. 1996) ; the two ADP ribosylating enzymes, exotoxin A (Vasil et al. 1989 ) and exoenzyme S (Nicas et al. 1985) ; the exoproteases elastase (Woods et al. 1982) , LasA (Preston et al. 1997) and alkaline protease (Howe & Iglewski 1984) ; a haemolytic and a non-haemolytic phospholipase C (Vasil et al. 1991) ; the siderophores pyochelin and pyoverdine (Cox 1982) ; the surface-associated polysaccharide, alginate (Pedersen et al. 1992) ; and pilus-associated adhesins responsible for binding to specific epithelial cell receptors (Tang et al. 1995) . To control gene expression, P. aeruginosa employs 468 transcriptional regulators which correspond to 8.4% of the predicted total number of ORFs (Stover et al. 2000) . The pathogen also uses more than 60 twocomponent systems which are essential for gene regulation. The production of many of the key virulence factors is controlled by QS (van Delden & Iglewski 1998; Rumbaugh et al. 2000; Williams et al. 2000) .
3. QUORUM SENSING OF P. AERUGINOSA The two AHL-based QS systems of P. aeruginosa comprise LuxR and LuxI homologues with specific signal preferences, 3-oxo-C12-HSL for the las system and N-butanoylhomoserine lactone (C4-HSL) for the rhl system ; figure 1 ). The complexity and plasticity of QS in P. aeruginosa is illustrated by the fact that three individual research groups identified a number of differences in the composition of the QS regulon (Hentzer et al. 2003; Schuster et al. 2003; Wagner et al. 2003) . The most attractive explanation is that much of this is probably attributed to the differences in media, growth conditions and data evaluation; but we cannot rule out the possibility that this is also a matter of local strain differences. Hentzer et al. (2003) compared the results of all the three groups and identified 77 QS-regulated genes which were common for all three studies. These 77 genes have been denoted the 'the general QS regulon' and are probably non-conditionally expressed.
THE BIOFILM MODE OF GROWTH
The success of P. aeruginosa is attributed to a number of survival strategies among which are its ability to form biofilms and adapt to almost any environmental niche. Often, the only cure for a chronic infection is the surgical removal of the infected implant or organ. A biofilm definition which applies to both in vitro and in vivo conditions was offered by Donlan & Costerton (2002) . According to this, a biofilm is a sessile community characterized by cells that are irreversibly attached to a surface or interface, or to each other, which are imbedded in a matrix of EPS and exhibit an altered phenotype with respect to growth rate and gene transcription, as compared with planktonic bacteria. This definition also extends to pulmonary infections in CF patients, as well as patients with chronic wounds where the biofilms are associated with moist tissue rather than hard, artificial surfaces.
THE RELATION BETWEEN QUORUM SENSING AND BIOFILM DEVELOPMENT IN P. AERUGINOSA
The involvement of QS in organized surface-associated behaviour of bacteria was first described for S. liquefaciens by Eberl et al. (1996) . Later, QS was implicated in the process of biofilm formation by P. aeruginosa (Davies et al. 1998b; Glessner et al. 1999) . Davies et al. (1998b) reported that the las system was indispensable for normal biofilm development, including differentiation that would lead to the formation of the characteristic mushroom and tower structures observed in in vitro biofilms. Apparently, this is a subtle phenotype as indicated by observations made by Heydorn et al. (2002) , Hentzer et al. (2003) , Hentzer et al. (2004) and Bjarnsholt et al. (2005a,b) . They showed that QS-deficient strains initially form densely packed biofilms similar to the wildtype (WT). The QS mutant biofilm even produced mushroom structures similar to the WT with glucose as the carbon source. Hentzer et al. (2004) have shown that, in comparison to WT, aged (10 days or more) QS-deficient biofilms differed in size and structural stability. Likewise, Bjarnsholt et al. (2005a) showed that a QS-deficient biofilm appears more flexible than the WT counterpart. This is possibly due to the QS-regulated production of extracellular DNA (Allesen-Holm et al. 2005) , which possibly acts as scaffolding and stabilizes the three-dimensional structure of the biofilm. Hence, apparently the involvement of QS signalling in the biofilm-forming process is a conditional effect rather than involvement in a biofilm-specific developmental programme (Kjelleberg & Molin 2002) . We believe that much of the initial confusion was caused by the use of QS mutants that had accumulated secondary mutations contributing to misinterpretations of the QS effect (Beatson et al. 2002) .
Recent analysis based on transcriptomics revealed that, even at the early stages, the bulk of biofilm cells (in once-through flow chambers) express genes in a pattern that is reminiscent of gene expression seen in early stationary phase of planktonic cells . Accordingly, the majority of QS regulated genes are expressed within 16 h of inoculation in minimal medium; the authors even identified a number of QS-regulated genes that were preferentially expressed in the biofilm mode of growth, including genes involved in iron acquisition and metabolism. However, other research groups have failed to identify a similar QS-specific biofilm regulon and, taken together, there is at present no evidence that a biofilm-specific programme is operating in P. aeruginosa during conditions of sessile growth and biofilm formation. The involvement of QS in the development of increased biofilm tolerance to some antimicrobial treatments is therefore something of a paradox. Davies et al. (1998a) demonstrated that a QS-deficient lasI mutant of P. aeruginosa formed biofilms that were more susceptible to biocides. Likewise, biofilms formed by a lasR, rhlR double mutant of P. aeruginosa were much more prone to killing by tobramycin and hydrogen peroxide , as well as by ciprofloxacin and ceftizidime (T. Bjarnsholt & M. Givskov 2006, unpublished observations) , than were biofilms formed by the WT. The QS-regulated genes that are involved in this increased tolerance remain to be identified; however, some multidrug efflux pumps are known to be QS regulated.
Our view is that biofilm development by P. aeruginosa is mainly governed by adaptive responses, and this view is strengthened by the finding that biofilm development is associated with a large number of genes required for anaerobic respiration . It should be emphasized that this does not necessarily apply to other biofilm-forming bacteria. Hence, QS is an actively regulating gene expression in the P. aeruginosa biofilms, as it is in the planktonic state; however, it is not required for biofilm formation per se but rather as a consequence of increased cell population density and growth physiology; but there are differences. Interestingly, Hentzer et al. (2005) found an induced QS-regulated expression of PvdQ in biofilms, compared with planktonic growth. PvdQ is one of at least two acylase enzymes that degrade 3-oxo-C12-HSL (Huang et al. 2003 (Huang et al. , 2006 . This result may provide an explanation for the previous finding that the level of long acyl AHLs is greatly reduced in P. aeruginosa biofilm cells, as compared with their planktonic counterparts. Another ongoing discussion is the relevance of biofilm structures for antibiotic tolerance, because both the WT and QS-deficient in vitro biofilms of P. aeruginosa make differentiated biofilm structures, but exhibit different tolerances to antibiotics and phagocytosis (see § 7). We believe there is no direct correlation between the three-dimensional structure and tolerance to various antimicrobial treatments. A QS mutant may form the same three-dimensional structure as the WT, dependent on carbon source, but is less tolerant to a range of antimicrobial agents. Haagensen et al. (2007) have shown that the 'mushrooms' consist of different bacterial subpopulations, in terms of growth and motility, and these subpopulations differ in antimicrobial tolerance. We believe that this is rather a matter of different physiology and not structure per se since biofilms grown on citrate as the carbon source show the same subpopulations and antimicrobial properties, but lack the differentiated three-dimensional structure.
CYSTIC FIBROSIS, A PROMINENT BIOFILM DISEASE
Cystic fibrosis(CF) is a monogenic autosomal recessive multi-organ disease, the most common lethal inherited disease in Caucasians (Koch 2002) . Worldwide, the incidence of the gene defects varies from 1 : 32 000 to 1 : 2000 live births in Caucasians (Gibson et al. 2003) . The genetic cause of CF was identified in 1989 as a defect in the cystic fibrosis transmembrane conductance regulator (CFTR) gene, located on chromosome 7 (Kerem et al. 1989; Riordan et al. 1989; Rommens et al. 1989) . The defect in the CFTR causes a decrease in epithelial chloride secretion and an increase in sodium absorption. In the lung, this results in viscous dehydrated mucus which is very difficult to clear mechanically, e.g. by coughing. The background which renders the mucus abnormally viscous is the chronic depletion of the periciliary liquid layer (Boucher 2002; Donaldson & Boucher 2003) . Since the noninflammatory defence mechanism (mucociliary clearance) is impaired, recurring, and later chronic, bacterial lung infection occurs Gibson et al. 2003) .
From their early childhood, CF patients suffer from acute infections of many different bacteria, the most common being Haemophilus influenzae, Staphylococcus aureus, Streptococcus pneumoniae, P. aeruginosa, the Burkholderia cepacia complex and Stenotrophomonas maltophilia (Bauernfeind et al. 1987; Saiman 2004a) . Haemophilus influenzae and S. aureus predominate early in life, but later S. aureus and P. aeruginosa become the dominating infectious organisms in the CF lung. Up to 80% of young adults suffering from CF are chronically infected with P. aeruginosa (Bauernfeind et al. 1987; Gilligan 1991; Koch & Hoiby 2000; Collier et al. 2002; Koch 2002 ).
Pseudomonas aeruginosa recurrently colonizes CF patients and in this early phase, no symptoms of infection are observed in the lower respiratory tract. It is not until later that the patients enter a phase of chronic bronchopulmonary inflammation, antibody development and deteriorating pulmonary function. It is now evident that it is not the infecting bacteria per se, but rather a prolonged immune complex-mediated inflammatory response dominated by polymorphonuclear leukocytes (PMNs), which causes the tissue damage, necrosis of the lung tissue and eventually the death of the patient as a result of the loss of pulmonary function (Koch & Hoiby 1993; Gibson et al. 2003) .
The first evidence of biofilm formation in the CF lung was presented by Hoiby who discovered 'heaps' (microcolonies) of P. aeruginosa in the sputum of CF patients ( Hoiby 1977) . By means of electron microscopy, in the post-mortem of P. aeruginosa infected CF lungs, Lam et al. (1980) showed bacterial microcolonies in alveoli. Based on immunohistopathology from five CF lungs, Baltimore et al. (1989) identified P. aeruginosa microcolonies in post-mortem of CF lungs, stating the location of the bacteria was endobronchial, mainly in the small (less than 1 mm) airways. Another immunohistopathology quantitative study revealed that the bacterial density in CF airways is highest in the bronchi (Potts et al. 1995) . The P. aeruginosa biofilm is not always surface associated (Worlitzsch et al. 2002; Hall-Stoodley et al. 2004; T. Bjarnsholt & M. Givskov 2006, unpublished observations) but pertains to microcolonies in the CF mucus surrounded by numerous leukocytes. Whether a non-surface-attached microcolony is considered as a biofilm or not, it shares some of the same characteristics with a sessile film. We believe that the matrix structure and physiology are obvious traits shared between surface and non-surface-attached biofilms. Tang et al. (1996) discovered that QS and several QS-controlled virulence factors were necessary for establishing a pulmonary infection in neonatal mice. A possible link between QS and the chronic P. aeruginosa lung infection in CF patients became apparent when Storey et al. (1998) discovered a correlation between lasR transcription and the transcription of lasA, lasB and toxA in CF sputa. In 2000, it was reported that a number of P. aeruginosa isolates from CF patients were capable of producing QS signal molecules when grown in vitro (Geisenberger et al. 2000) , and Wu et al. (2000) demonstrated that cellto-cell signalling takes place in lung tissue of P. aeruginosa infected mice. Wu et al. (2001) showed in a murine model of chronic lung infection and Pearson et al. (2000) in an acute neonatal mouse model that a lasI rhlI mutant of P. aeruginosa is less virulent and is cleared faster than the WT. These findings were confirmed with an infectious rat model ( Wu et al. 2004a) . Rumbaugh et al. (1999) used a burned mouse model of infection to show that QS-deficient mutants of P. aeruginosa were less virulent than the WT in vivo.
QUORUM SENSING AND CHRONIC P. AERUGINOSA PULMONARY INFECTIONS
There then followed the detection of QS signals in sputum (Erickson et al. 2002; Middleton et al. 2002) and directly in the lung tissue of CF patients (Favre-Bonte et al. 2002) . The ratio of the signal molecules was found to vary from the CF lung to the CF sputum. Erickson et al. (2002) detected both 3-oxo-C12-HSL and C4-HSL in the sputum samples, but the C4-HSL signal molecule was less frequent when compared with the 3-oxo-C12-HSL signal molecule. On the other hand, Favre-Bonte et al. (2002) reported that they detected 100 times more C4-HSL than 3-oxo-C12-HSL in all the CF-lung samples. This correlates with the ex vivo biofilm results reported by Singh et al. (2000) and the above mentioned observation of increased QS-controlled expression of PvdQ in in vitro biofilms which specifically eliminate 3-oxo-C12-HSL .
The number of bacteria can exceed 10 8 colony forming units (CFU) per ml in CF sputum (Bauernfeind et al. 1987) , i.e. the density of bacteria in sputum should be sufficient to cause induction of QS-controlled gene expression (Hentzer et al. 2003) . However, in the respiratory zone of the CF lung, the discrete microcolonies (Worlitzsch et al. 2004 ) may not contain the in vitro established quorum size. Limitations of space will contribute to the increased local cell concentration; taken together with the observation by van Delden et al. (2001), who reported induction of QS-regulated genes independent of cell density, but in response to the lack of nutrient availability, this might contribute to QS-regulated gene expression. Whether or not the QS-regulated genes are expressed in these small microcolony biofilms needs further investigation.
The impact of QS on the severity of infection was recently confirmed by Bjarnsholt et al. (2005a) using a lasR rhlR mutant in a pulmonary mouse model. Importantly, although the QS deficiency provoked an initially higher degree of inflammation, the mice had an overall better health status, significantly reduced mortality and the lasR rhlR mutant bacteria were cleared significantly faster than their WT counterparts. Histopathological data showed a higher influx of PMNs in the lungs of the mice infected with the QS-deficient strain. However, the concentration of the PMN chemoattractant MIP-2 (the mouse analogue of IL-8) was higher for the WT infected mice. In order to explain this apparent paradox, we hypothesized that P. aeruginosa, by means of a QS-controlled mechanism, is capable of attenuating the PMN defence. This hypothesis has gained momentum from in vitro investigations. We observed that PMNs inoculated on the top of a WT P. aeruginosa biofilm were unable to graze on the bacteria. In contrast, PMNs inoculated on top of a QS-deficient biofilm readily grazed the biofilm bacteria (figure 2). Since the PMNs in contact with the WT biofilm appeared to be 'paralysed', we investigated whether the PMNs were responding to the bacteria at all. As part of an antibacterial cocktail, the PMNs will form oxygen radicals, some of which will give rise to production of H 2 O 2 . This is known as the oxidative burst and was also blocked by a QS-controlled mechanism since, in contrast to a QS-deficient biofilm, no H 2 O 2 production was detected on exposure to a WT biofilm (figure 3).
SCREENS FOR QUORUM-SENSING BLOCKERS
As described above, QS appears to play an important role in the ability of P. aeruginosa to cause disease, but direct involvement in pulmonary infection in CF is still largely based on circumstantial evidence. However, in our view, the present knowledge justifies the pursuit of QS blockage as a possible treatment of a variety of P. aeruginosa-based infections. In addition, an increasing number of clinical isolates show multiple resistances to conventional antibiotics (Norrby et al. 2005) which emphasizes the urgency of speeding up research and development in this particular field. The typical screen for QS inhibitor (QSI ) activity involves a gene fusion of a QS-regulated promoter to a reporter gene. In the presence of exogenously added AHL signal molecules, these reporters are activated to express their corresponding reporters. If, in addition to AHL, exogenous QSI activity is also present, expression of the reporters is reduced or abolished. This screen is considered positive if the reporter gene is not expressed. Unfortunately, a compound or extract that slows growth, such as sublethal concentrations of antibiotics, will affect protein synthesis and, in turn, reduce the signal from the reporter; this can lead to the scoring of a 'false positive'.
To circumvent these problems, Rasmussen et al. (2005a) developed an alternative system in which the growth of the screening bacterium indicates the presence of QSI activity. Briefly, a QS-regulated promoter is fused to a 'killer' gene, the product of which is detrimental to the host cells. Established in a background unable to direct the synthesis of signal molecules, the presence of exogenously added AHL enables QS and promotes the expression of the killer gene which in turn kills the host cells. However, the presence of QSI molecules blocks stimulation of the QS-regulated 'killer' gene which, as a consequence, rescues the host cells and enables growth. This diminishes the number of false positives identified in a high through-put setup. Genetically modified bacteria, termed QSI selectors, based on both the lux and the las/rhl QS systems have been developed (Rasmussen et al. 2005a ) and performed as an agar passive diffusion assay. This enables rapid verification of the inhibitory, as well as toxic, properties of a particular test compound or extract. However, a possible QSI candidate needs to be tested further, to determine if it causes inactivation of the AHL or of AHL synthesis, or blocks the signal molecule-binding site of the LuxR homologue proteins. 
BLOCKERS OF QUORUM SENSING
The first examples of QS-blocking compounds came from the marine environment. It was shown by de Nys et al. (1993) that the Australian macroalga, Delisea pulchra, produces a range of halogenated furanones. A characteristic of halogenated furanones is their antifouling property, which is obvious from field experiments. Givskov et al. (1996) and Kjelleberg et al. (1997) offered the first demonstration that these secondary metabolites specifically inhibit bacterial QS. The exact mechanism of inhibition is unknown, but Western-blot analysis indicates that the furanones are able to promote rapid turnover of the LuxR protein, reducing the amount of protein available to interact with AHL and act as transcriptional regulator . Since the natural furanones do not efficiently block QS in P. aeruginosa, a series of synthetic analogues were made. A structure-function analysis of several furanones with varying side chain length and substitutions on the furanone ring indicated that compounds without side chains, but with electronegative substituents on the furanone ring, were effective in inhibiting the QS systems of P. aeruginosa (Anthony et al. 1997; Hentzer et al. 2002; Hjelmgaard et al. 2003) . Among these, compounds C-30 (Hentzer et al. 2003) and C-56 showed QSI potential in P. aeruginosa (figure 1). They used a lasBbased AHL monitor to detect the QS regulation of in vitro biofilms. Control over lasB expression is transcriptionally governed by LasR and RhlR . Planktonic and biofilm grown P. aeruginosa showed reduced green fluorescence in the presence of furanone C-56 and revealed efficient penetration through the entire biofilm structure. The concentrations of furanone C-56 used were neither growth inhibitory nor interfered with the basal metabolism. Hentzer et al. (2003) showed that biofilms grown with and without furanone C-30 were not significantly different in biofilm formation and biomass. However, the furanone C-30 treated biofilm was significantly less tolerant to treatment with tobramycin (100 mg ml
K1
). It has subsequently been shown by means of transcriptomic analysis that C-30 specifically inhibits QS-controlled genes in P. aeruginosa (Hentzer et al. 2003) . Among 93 genes, 1.7% of the P. aeruginosa genome are significantly affected by the presence of furanone C-30 of which 80% are QS controlled.
The QSI effect of both furanones C-30 and C-56 has been demonstrated in a pulmonary mouse model (Hentzer et al. 2003; Wu et al. 2004b) . The bacteria were cleared significantly faster in mice treated with 1 mg furanone per gram body mass. The potential of furanone C-30 for treatment of infectious diseases has also been demonstrated in a fish-farming model system. In a cohabitant experiment of Vibrio anguillarum infection, significantly reduced mortality of rainbow trout was observed on treatment with as little as 25 ng ml K1 furanone C-30 (Rasch et al. 2004 ), indicating QS blockage as a useful alternative to antibiotics in fish farming.
Macrolides, such as azithromyzin, have been reported to inhibit QS (Tateda et al. 2001) . Azithromyzin reduces the production of several of the virulence factors of P. aeruginosa, such as elastase and rhamnolipids. A reduction of lasI and rhlI expression was also reported; however, in our hands, we are unable to reproduce effects on QS-controlled transcription without using concentrations that also affect growth rate. It is our view that the effect on QS-controlled virulence, such as alginate synthesis (Ichimiya et al. 1996) , is caused by pleiotropic effects. The important clinical aspect, however, is that administration of this drug improves the respiratory function in CF patients (Saiman 2004b; Southern & Barker 2004) .
Recently, a number of papers describing additional natural QSI compounds have been published Rasmussen et al. 2005a,b;  figure 1 ). They have been found in food, herbal and fungal sources, and tested on in vitro biofilms and in a pulmonary mouse model of infection. The presence of QSI compounds in natural foods is extremely interesting because, in most cases, vegetables and herbs are nontoxic to humans and are readily available. Of particular interest is garlic, since it is a widely used spice. Garlic is renowned for its variety of antifungal, anticancer and antimicrobial activities. However, the previous acknowledged antimicrobial activities have been related to the presence of growth inhibitory compounds such as allicin and its derivatives (Ankri & Mirelman 1999) . Synthesis of chemically pure allicin has shown that this is not the active QSI ingredient (T. In a recent study by Bjarnsholt et al. (2005b) , P. aeruginosa was grown in vitro in continuous culture, once-through, flow chambers with and without garlic extract. The garlic-treated biofilm was susceptible to both tobramycin treatment and grazing of PMNs. The PMNs showed an increased activation when incubated on the garlic treated biofilm (figure 3). The results of this in vitro investigation indicate that a QS inhibitory extract of garlic renders P. aeruginosa biofilms sensitive to tobramycin, phagocytosis and the PMN respiratory burst. For an in vivo infection treatment study, the pulmonary mouse model was used. Mice were treated with garlic extract or placebo for 7 days, with the initial 2 days being prophylactic before P. aeruginosa was instilled in the left lung of the mice. The garlic treatment of the infected mice resulted in a significantly improved clearing of the infecting bacteria. Concurrently with the results obtained with the QS mutants, we initially observed an increased endobronchial influx of PMNs and a higher degree of inflammation in the mice treated with the garlic extract. Consequently, blockage of QS by the garlic treatment led to significantly faster clearing of the bacteria and a strongly reduced mortality. These data support the view that the inflammation detected in the lungs of the garlic-treated mice are the adequate response to the intruders. The QS-controlled paralysing mechanism reduces, compared with 'normal', the inflammation in the placebo group of mice. This is based on the observation that the concentration of the PMN chemoattractant MIP-2 is lower in the garlictreated group when compared with the placebo group. In addition, there was no difference in the concentration of myeloperoxidase, a quantitative measurement of PMNs, in the two groups. The same observations were made on using QS mutants in the in vivo model. These observations indicate that a sufficient number of viable and active PMNs are present in P. aeruginosa infected lungs only when QS is blocked.
THE FUTURE AND PERSPECTIVES
As implied in the previous sections, the biofilm mode of growth and QS-controlled gene expression play important roles in chronic bacterial infections. It has recently been stated by the National Institutes of Health in the USA that 'More than 70 per cent of the bacteria that cause hospital-acquired infections are resistant to at least one of the drugs most commonly used to treat them' (National Institutes of Health 2004). Consequently, we need a new approach to control or interfere with this fundamental microbial activity. Since the virulence of many bacteria is regulated by QS, it is an obvious drug target. This covers the production of virulence factors, antibiotic resistance and modulation of the host immune system. The proofs of concept have already been offered by Hentzer et al. (2003) , Rasch et al. (2004) , Wu et al. (2004b) and Bjarnsholt et al. (2005b) . A caveat to this is that the halogenated furanones exhibit both toxic side effects and possible carcinogenic properties, which make them particularly unsuitable for human pharmaceutical usage. This highlights the necessity of focusing on further drug isolation and development of pharmaceutically relevant QSI drug candidates.
The QS system of P. aeruginosa is a potential drug target if the findings presented in this review can be extrapolated to the human lung and other sites of chronic infection. Most of the literature is based on the use of non-mucoid P. aeruginosa which predominate during the early stages of the pulmonary infection seen in CF patients. Several considerations will have to be made using QSI drugs in the treatment of CF patients and other patient groups. Firstly, the point of no return in the CF lung might be as early as when the infecting P. aeruginosa start to interfere with the antimicrobial properties of PMNs. It has been stated that the PMNs become frustrated in their attempt to graze on the biofilm. However, based on the results presented in our previous publications, we suggest that the PMNs are impaired by a QS-regulated phenotype of P. aeruginosa. It is possible that the PMNs become necrotic and lyse before the macrophages scavenge them and/or the macrophages are impaired as well. The PMNs are beneficial if they work properly, removing the intruders, but obviously very harmful as seen in the CF lung, if they become functionally impaired (Konstan et al. 2003) . The magnitude of the oxidative burst varies between CF patients (Fruhwirth et al. 1998) . This correlates with the finding that strains of P. aeruginosa isolated from the sputum of some chronically infected CF patients (Geisenberger et al. 2000) produce lower amounts of signal molecules.
The obvious synergistic activities of QSI drugs make it even more relevant to consider QS blockage as part of an early interventionist chemotherapy. Upon prophylactic administration of QSI, the CF patients would be expected to experience only recurrent acute infections which are sensitive to the host defence system and conventional antibiotics, and therefore do not reach the point of no return leading to the establishment of chronic infection. Chronically infected CF patients carrying a reservoir of mucoid P. aeruginosa may not be cured by QSI treatment, but the deterioration in lung function might be halted. New focal microcolonies of mucoid P. aeruginosa, causing the acute damaging inflammation of the respiratory zone in the CF lung, might not 'paralyse' the PMNs, since QS can be blocked by the chemotherapy. The administration of QSIs, antibiotics and adequate numbers of PMNs might very well reduce the collateral damage caused by the PMN activity and also promote eradication of the infecting bacteria. Although CF patients still have the impaired CFTR gene, the activity of this transmembrane conductor might partly be restored by treatment with other small molecule drugs (Rubenstein 2005) . Hopefully, in the near future, physicians will be able to treat patients suffering from chronic bacterial infections in diseases such as CF and extend their lifespan closer to normal, using chemotherapies which rely and stimulate the synergistic actions of QSI drugs, conventional antibiotics, putative CFTR restoration and the proper activity of the PMN defences.
